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ABSTRACT

Reducing the number of actinide separation streams in a spent fuel recovery
process would reduce the cost and complexity of the process, and lower the quantity and
numbers of solvents needed. It is more difficult and costly to separate Np and re-
combine it with Am-Cm prior to co-conversion than to simply co-strip it with the U-Pu-
Np. Inclusion of the Np in mixed oxide (MOX) fuel for light water reactor (LWR)
applications should not seriously affect the operating behavior of the reactor, nor should
it pose insurmountable fuel design issues. In this work, the U, Pu, and Np from typical
discharged and cooled PWR spent nuclear fuel are assumed to be used together in the
preparation of MOX fuel for use in a pressurized water reactor (PWR). The reactor grade
Pu isotopic vector is used in the model and the relative mass ratio of the Pu and Np
content (Np/Pu mass is 0.061) from the cooled spent fuel is maintained but the overall
Pu-Np MOX wt% is adjusted with respect to the U content (assumed to be at 0.25 wt%
23U enrichment) to offset reactivity and cycle length effects. The SCALE 5.1 scientific
package (especially modules TRITON, NEWT, ORIGEN-S, ORIGEN-ARP) was used
for the calculations presented in this paper. A typical Westinghouse 17x17 fuel assembly
design was modeled at nominal PWR operating conditions. It was seen that U-Pu-Np
MOX fuel with NpO; and PuO; representing 11.5wt% of the total MOX fuel would be
similar to standard MOX fuel in which PuQO; is 9wt% of the fuel. The reactivity, isotopic
composition, and neutron and y sources, and the decay heat details for the discharged
MOX fuel are presented and discussed in this paper.

1. INTRODUCTION

Reducing the number of actinide separation streams in a spent fuel recovery
process would reduce the cost and complexity of the process, and lower the quantity and
number of solvents needed. It is more difficult and costly to separate Np and re-combine
with Am-Cm prior to co-conversion than to simply co-strip it with the U-Pu-Np.'”
Inclusion of the Np in MOX fuel for LWR applications should not seriously affect the
operating behavior of the reactor, nor should it pose insurmountable fuel design issues.
A reasonable U-Pu-Np mixed-oxide (MOX) composition is seen to be suitable as a
means of utilizing unseparated Np as part of MOX utilization in a pressurized water
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reactor (PWR), which would otherwise require expensive Np separation. If Np can be
kept with the Pu, this would represent an important improvement.

The SCALE 5.1 code system® is used for the calculations for this paper. For this
paper, the first step in the study was to model a typical light water reactor (LWR) fuel
composition used in a standard PWR reactor for a representative operating history using
the TRITON depletion sequence” in the SCALE 5.1 computer code system. TRITON
models are used to simulate the power history and the cooling after discharge of the
nuclear fuel and to provide a representative spent fuel composition which serves as a
source for the MOX fuel considered in this paper. A U-Pu MOX mixture with a PuO,
mass fraction of 9 wt% was the reference MOX case, and various U-Pu-Np MOX
compositions were then assessed in PWR simulations.

In this work, the isotopic composition of low enriched uranium (LEU) (4 wt% U-
235) PWR fuel burned to 50 GWd/MTIHM (metric tonne of initial heavy metal),
followed by 10 years of cooling, was taken to be typical discharged LWR nuclear fuel,
and the U, Pu, and Np from this material were considered to be used in the production of
MOX. These actinide elements were kept in their relative elemental ratios as in the
cooled LEU PWR discharged fuel, and assumed to be used together in newly-prepared
MOX fuel, for utilization in a PWR. A typical Westinghouse 17x17 fuel assembly
design and PWR operating conditions were modeled. Various (U, Pu, Np) MOX
compositions, characterized by various MOX wt% loadings, were assessed in PWR
simulations. The relative ratio amounts of Pu and Np are constant, but the overall
amount of Pu+Np MOX is adjusted with respect to the U content to offset reactivity and
cycle length effects. A reasonable U-Pu-Np MOX composition is seen to be suitable as a
means of using the recovered Np as part of the MOX irradiation, which would otherwise
require expensive separation.

Np-237 is a very mobile actinide; therefore reducing its presence in spent nuclear
fuel (SNF) waste is desirable for waste repository considerations. Also, burning
unseparated Np-237 in MOX fuel, in addition to the advantages to the SNF
recycling/separation processes, also reduces the inventory of separated Np. Though Np-
237 is a fissionable nuclide, its inclusion with Pu in the MOX fuel further degrades the
fissile fraction of the reactor-grade Pu MOX, which is a beneficial non-proliferation
aspect of this approach.

2. TRITON MODEL FOR ASSESSING MOX FUEL IN A PWR

Different sequences in SCALE 5.1 were used for the assessment of MOX
compositions in PWR reactors. The TRITON depletion sequence was used in simulating
the fuel power history and depletion for a Westinghouse 17x17 PWR fuel assembly over
three fuel cycles, to a burnup of 60 GWd/MTIHM . The TRITON control module was
originally developed in tandem with the NEWT functional module of SCALE to support
two-dimensional (2-D) transport and depletion calculations. TRITON can be used to
provide automated, problem-dependent cross-section processing followed by calculation
of the neutron multiplication factor for a 2-D configuration using NEWT. Additionally,
this functionality can be iterated in tandem with ORIGEN-S depletion calculations to
predict isotopic concentrations, source terms, and decay heat as a result of time-varying
fluxes calculated in a 2-D deterministic fashion or in a 3-D stochastic approach.
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The power history spanned a total of 4.25 years, with down time between the
three fuel cycles. Taking advantage of assembly symmetry, one quarter of the assembly
was modeled with TRITON, as shown in Fig 1. Additional isotopic information, neutron
and y source details, and decay heat contributions (total and by nuclide) were calculated
as required with the ORIGEN-ARP sequence, using data generated in the TRITON cases.

Fig.1 Quarter-view: PWR W17x17 fuel assembly model used with SCALE/TRITON

In the TRITON model, the fuel was represented as an initially uniform
distribution of homogenized MOX fuel material in all rods of the standard W17x17 fuel
assembly. The assembly includes 264 fuel rods and 25 guide tubes. Fig 1 shows the
layout of the rods in the fuel assembly and the positions of the water-filled guide tubes.
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3. RESULTS OF ASSESSMENT OF NEPTUNIUM IN MOX FUEL

The series of TRITON results corresponding to various loadings of Pu+Np
(oxides) in the MOX fuel were analyzed for reactivity behavior and spent fuel
characteristics (decay heat, neutron and y sources, etc.). Fig 2 shows plots of the infinite
medium multiplication constant (Kinfinity) as a function of fuel burnup for a variety of
MOX loadings, including the reference 9wt% Pu MOX.
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Fig.2 Behavior of PWR reactivity with burnup for the Pu and Pu+Np MOX fuel

As seen in Fig 2, the reference MOX case without initial Np has a higher initial
reactivity (in relation to its MOX loading) than the various Pu+Np MOX cases, but
Kinfinity declines more quickly in this case. The initial Np in MOX leads to the production
of the very fissile Pu-239 during the reactor operation, which offsets the decline in Kixfinity-
Np-237 captures a neutron to form Np-238; Np-238 undergoes B decay (half-life of 2.1
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days) to Pu-238, which undergoes neutron capture to Pu-239. Np-237 is produced
through a sequence of reactions and decays starting with neutron capture by U-235, as
well as through neutron capture on U-238 and other reactions, and through Am-241 o
decay. The use of depleted uranium helps reduce the production of Np-237.

In this work, the various MOX fuel cycles were compared by integral Kinfinity-
These values were determined for each case for a postulated discharge burnup of 60
GWd/MTIHM. The corresponding value of integral Kingniy for the reference 9wt% Pu
MOX case was set as the target value for a desired Pu+Np MOX mixture. It was
determined that Pu+Np MOX fuel at 11.5wt% MOX in DUO,; has the same integral
Kinfinity as the reference case. Fig 3 shows the reactivity (Kinfinity) Versus burnup curves for
this Pu+Np MOX case compared to the reference Pu MOX case. These curves clearly
show that Kinfinity drops off more slowly with burnup for this Pu+Np case than for the
reference MOX case, owing to the net build-up of Pu-239.
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Fig.3 PWR reactivity with burnup for 11.5wt% Pu+Np MOX fuel compared to
reference 9wt% Pu MOX fuel
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3.1 Isotopic Compositions of Discharged MOX fuel

Table 1 lists the main actinides in the MOX fuel at the beginning of the first fuel
cycle and at discharge at a burnup level of 60 GWd/MTIHM for both the reference MOX
case and the case with 11.5wt% MOX (PuO,+NpO,) in DUO,. The change in mass content
for each nuclide is indicated as well as the elemental masses for U, Np, Pu, Am, and Cm.

Table 1. Isotopics of MOX fuel with and without initial Np (per MTIHM).

11.5wt% MOX (PuO,+NpO,) in DUO,
(discharge at 60 GWd/MTIHM)

9wt% MOX (PuO,) in DUO,
(discharge at 60 GWd/MTIHM)

Nuclide Mass in g/MTIHM Mass in g/MTIHM
BOC Discharge Mass BOC Discharge Mass
change change
u-232 0 9.47E-03 9.47E-03 0 7.30E-04 7.30E-04
u-233 0 6.03E-03 6.03E-03 0 1.09E-03 1.09E-03
u-234 1.52E+01 1.16E+02 1.00E+02 1.57E+01 5.85E+01 4.28E+01
u-235 2.21E+03 1.18E+03 -1.04E+03 2.28E+03 1.07E+03 -1.20E+03
u-236 1.02E+01 2.50E+02 2.40E+02 1.05E+01 2.67E+02 2.56E+02
u-237 0 2.28E+00 2.28E+00 0 2.53E+00 2.53E+00
u-238 8.83E+05 8.46E+05 -3.63E+04 9.07E+05 8.69E+05 -3.84E+04
u-239 0 5.24E-01 5.24E-01 0 5.63E-01 5.63E-01
u elem. 8.85E+05 8.48E+05 -3.70E+04 9.10E+05 8.70E+05 -3.93E+04
np-237 6.61E+03 3.10E+03 -3.52E+03 0 2.21E+02 2.21E+02
np-238 0 5.58E+00 5.58E+00 0 4.57E-01 4.57E-01
np-239 0 7.56E+01 7.56E+01 0 8.12E+01 8.12E+01
np elem. | 6.61E+03 3.18E+03 -3.43E+03 0 3.02E+02 3.02E+02
pu-238 3.07E+03 5.39E+03 2.32E+03 2.55E+03 2.11E+03 -4.39E+02
pu-239 5.91E+04 3.16E+04 -2.75E+04 4 91E+04 2.34E+04 -2.56E+04
pu-240 2.71E+04 2.26E+04 -4.50E+03 2.25E+04 1.80E+04 -4.56E+03
pu-241 1.05E+04 1.32E+04 2.66E+03 8.71E+03 1.10E+04 2.29E+03
pu-242 8.65E+03 9.36E+03 7.06E+02 7.19E+03 8.29E+03 1.11E+03
pu-243 0 9.95E-01 9.95E-01 0 1.00E+00 1.00E+00
pu-244 0 3.07E-01 3.07E-01 0 3.07E-01 3.07E-01
pu elem. 1.08E+05 8.21E+04 -2.63E+04 9.01E+04 6.28E+04 -2.72E+04
am-241 0 1.32E+03 1.32E+03 0 1.01E+03 1.01E+03
am-242m 0 3.98E+01 3.98E+01 0 2.97E+01 2.97E+01
am-242 0 1.18E+00 1.18E+00 0 1.09E+00 1.09E+00
am-243 0 2.57E+03 2.57E+03 0 2.38E+03 2.38E+03
am-244 0 1.39E+00 1.39E+00 0 1.44E+00 1.44E+00
am elem. 0 3.93E+03 3.93E+03 0 3.42E+03 3.42E+03
cm-242 0 2.04E+02 2.04E+02 0 1.92E+02 1.92E+02
cm-243 0 9.56E+00 9.56E+00 0 9.09E+00 9.09E+00
cm-244 0 1.54E+03 1.54E+03 0 1.57E+03 1.57E+03
cm-245 0 1.83E+02 1.83E+02 0 1.88E+02 1.88E+02
cm-246 0 1.43E+01 1.43E+01 0 1.78E+01 1.78E+01
cm-247 0 4.03E-01 4.03E-01 0 4.99E-01 4.99E-01
cm elem. 0 1.95E+03 1.95E+03 0 1.98E+03 1.98E+03
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The change in mass content for each nuclide is indicated as well as the elemental
masses for U, Np, Pu, Am, and Cm.

3.2 Neutron and Gamma Source Strength in Discharged MOX Fuel

The neutron source strength in SNF is taken to be the sum of the (a,n) source and
the neutron source due to spontaneous fission (SF), with the latter usually being the much
larger component. For typical SNF, the main sources of neutrons at discharge are Cm-
244 and Cm-242. At the time of discharge, the SF neutron source for Cm-244 is about
four times greater than that for Cm-242. At very long times (more than 10,000 years)
after discharge, the Pu-242 SF source dominates. The half-life of Cm-242 is relatively
short (approximately 0.45 years) while the half-life of Cm-244 is longer (about 18.1
years). By 5 years after discharge, SF in Cm-244 is the main source of neutrons in the
SNF. As shown in Table 1, it is apparent that the 11.5wt% Pu+Np MOX fuel at
discharge actually has a smaller Cm content than the reference discharge 9wt% Pu MOX
fuel. Table 2 tabulates the neutron source (per MTIHM) for the Pu+Np MOX and the
reference Pu MOX cases, at time of discharge (taken to be 0.001 years), and then after 5,
10, and 30 years of cooling. In addition, the relevant information from a representative
LEU PWR case is included for comparative purposes.®

Table 2. Neutron source for discharged MOX fuel.

discharge 5 years 10 years 30 years
n/s/MTIHM n/s/MTIHM n/s/MTIHM n/s/MTIHM
Iwt% MOX

(reference) 2.28E10 1.51E10 1.25E10 5.92E9

11.5wt% (with Np)
MOX 2.24E10 1.46E10 1.21E10 5.75E9

LEU PWR

(42.2 GWA/MTU) 1.06E9 5.10E8 4.23E8 2.05E8

Photons are emitted by many fission products (FP) and some actinide nuclides in

SNF. At discharge, the strongest source of y radiation is Np-239. After 5 years of
cooling, the strongest y sources are Ba-137m and Cs-134. Table 3 lists the y source (per
MTIHM) for the Pu+Np and reference Pu MOX cases, as well as the LEU PWR example
results, at discharge, and then after 5, 10, and 30 years of cooling.

Table 3. Gamma source for discharged MOX fuel.

discharge 5 years 10 years 30 years
v/s/IMT MeV/s/MT v/s/IMT MeV/s/MT v/s/IMT MeV/s/MT v/s/IMT MeV/s/MT
IO MOX | 328B18 | 1OIEIS | 1.97E16 | 868EIS | LOSE16 | 460EIS | 625EIS | 226EIS
”ﬁgﬁé‘;’gth 326E18 | 1.03E18 | 1.98E16 | 85IE15S | LIIEL6 | 4.58E15 | 6.66E15 | 227E1S
: 42L.2El(J;vF\>/\é\;EAT) 294E18 | 8.56E17 | 1.32E16 | 551E15 | 7.68E15 | 3.05E15 | 4.29E15 | 158E15
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For the neutron source considerations, it is seen that the 11.5wt% Pu+Np MOX
fuel has similar, though actually slightly lower neutron source levels than the reference
MOX up to at least 30 years after discharge. In terms of the y source, the 11.5wt%
Pu+Np MOX fuel is comparable to the reference MOX case in terms of y/s/MTIHM, and
the corresponding y energy (MeV/s/MT) is almost identical to the reference MOX case.

3.3. Decay Heat in Discharged MOX Fuel

As mentioned, decay heat of the discharged fuel assemblies is an important
consideration. In the ORIGEN calculations of the decay heat, all actinide nuclides and
FP nuclides in the discharged fuel assemblies are considered. The decay heat behavior
for the 9wt% reference MOX (Pu) fuel and the 11.5wt% Pu+Np MOX fuel are presented
in Fig 4. Table 4 presents total decay heat results for certain cooling times, for these two
considered cases and, for a comparison, the results for a representative LEU PWR case.

Table 4. Total decay heat (W/MTIHM) for 60 GWd/MTIHM discharged MOX fuel.

discharge | 5 years 10 years | 100 years 1,000 10,000 100,000

years years years

Mett | 3.SES | 8.2E3 | 640E3 | 223E3 | 4.74E2 | 9.38El | 6.71E0
11.5wt%

(Pu+Np) | 3.21E5 | 997E3 | 825E3 | 3.37E3 | 5.80E2 | 1.19E2 | 1.09El
MOX
LEU PWR

(42.2 248E5 | 2.25E3 | 1.49E3 | 3.95E2 | 7.30E1 | 1.74E1 | 1.44E0
GWd/MT)

At discharge, the major decay heat contributors are Np-239, Cm-242, Rh-106, and
Cm-244. After 5 years of cooling, the largest decay heat sources are Cm-244, Pu-238,
and a number of FP nuclides, particularly Ba-137m and Cs-134. By 30 years after
discharge, Am-241 is the largest decay heat source. At 100 years, Pu-240 followed by
Am-241 are the main decay heat contributors. At very long cooling times (100,000
years) the main decay heat source is Pu-239, followed by Pu-242, U-234, and Np-237.
Polonium isotopes are also small long-lasting decay heat sources.

For the representative LEU PWR case, the main decay heat nuclides at discharge
are Np-239, Pr-144, Cm-242, and Cs-134; the discharge burnup of the LEU case is only
about two-thirds that of the MOX cases, so the actinide content in the LEU SNF is quite
different. By five years, the LEU SNF main decay heat contributors are Pu-238, Cm-244,
Am-241, and Cm-242. At 100 years, the major decay heat nuclides are Am-241, Pu-240,
and Pu-239. As in the two MOX cases, Pu-239 is the major decay heat nuclide by
100,000 years after discharge.
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Fig.4 Total and certain component decay heat power for 60 GWd/MTIHM
discharged 11.5wt% Pu+Np MOX fuel and 9wt% Pu MOX fuel

In Fig 4, the total decay heat is shown for both MOX cases as are the contributions
from the Np, Cm, Am, and Pu isotopes. The decay heat values in this figure are per
MTIHM. As is evident from Fig 4, the decay heat for the Pu+Np MOX case is slightly
greater than that for the reference Pu MOX case; this difference is partly a result of the
included Np but also because the MOX weight fraction is greater for the Pu+Np MOX.
The main differences in the actinide decay heat contributions are a long-term increase in
Np decay heat for the Pu+Np MOX fuel, a greater mid-term and long-term contributions
from Pu, and a greater mid-term contribution from Am.
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As seen in Fig 5, the decay heat from the discharged 11.5wt% MOX fuel that
contains initial Np is greater than the decay heat from the reference 9wt% Pu MOX. A
major contributor to the Pu+Np MOX decay heat is the content of Pu-238 (2.5 times
greater than for Pu MOX fuel) in the spent fuel, and 50% more Pu-239 at discharge in the
Pu+Np MOX fuel.

1.7%

—
4]
o

Ratio of total decay heat

1.25

1.00 - - . : .
0.001 0.1 10 1000 100000

Time after discharge (years)

Fig.5 Ratio of total decay heat power from 60 GWd/MTIHM discharged 11.5wt%
Pu+Np MOX fuel to discharged 9wt% Pu MOX fuel

3.4. Properties of U-Pu-Np MOX fuel

From a fuel performance standpoint, the physical properties of the U, Pu, and Np
oxides are all similar.’ The dioxides of Pu and Np have the same structure as UO,. The
addition of Pu in MOX reduces the thermal conductivity by ~8%. Thus, the centerline
temperatures will be higher in Pu MOX than in LEU UO; and as a result the fission gas
release will be slightly higher, but this can be accommodated in fuel rod design (lower
fissile content / larger plenum volume). The addition of a small percentage of Np (the
Np/Pu mass ratio for this work is only 0.061; Np is 0.66wt% of the heavy metal) will not
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significantly affect the fuel performance (which should be confirmed in irradiation tests
of U-Pu-Np oxide fuels). Thermal conductivity correlations are generally good to +10%
so the small effects from the addition of NpO, will not be significant.

5. SUMMARY AND CONCLUSIONS

In terms of reactivity considerations, the effects of including Np with Pu in MOX
fuel can be offset simply by increasing the weight fraction of the MOX material in the
fuel. From a fuel performance perspective, a small amount of NpO, should have little
effect on the predicted performance of the MOX fuel pellets. At Oak Ridge National
Laboratory, through the modified direct denitration (MDD) process in the coupled end-
to-end (CETE) demonstration,'” U/Pu/Np powders were obtained from LEU SNF and
test pellets were pressed. U/Pu/Np is made by partial partitioning/decontamination of
used LWR fuel and in general with have U-235 content slightly above natural levels."
U/Pu/Np test pellets could be subjected to test irradiations in the future, such as in
irradiation facilities'' (thermal, and fast) in the HFIR reactor.

In this work, a MOX case based on 9wt% Pu MOX in 0.25wt%-enrichment
DUO, was considered as a reference. The reactor—grade plutonium isotope vector in this
reference MOX fuel corresponds to a PWR fuel with 4wt%-enriched UO; burned to 50
GWd/MTHM and cooled for 10 years. Methods have been applied previously to a range
of actinide and MOX considerations in a number of reactor types.'”!” Based on this
methodology, a series of TRITON cases was completed in the current paper for the
variation of MOX loadings of Pu+Np MOX in the fuel. The integral Kisfiniy Was
determined for each case for a conjectured scenario with discharge burnup at 60
GWd/MTIHM. It was determined that a Pu+Np MOX at 11.5wt% had the same integral
Kinfinity as the reference MOX case.

The neutron and y source characteristics of the spent Pu+Np MOX fuel and the
decay heat behavior of the fuel were compared against the reference MOX case. For the
neutron source considerations, it was found that the 11.5wt% Pu+Np MOX fuel has
similar, though actually slightly lower, neutron source levels to those of the reference
MOX up to at least 30 years after discharge. The y source for the 11.5wt% Pu+Np MOX
fuel was comparable to the reference MOX case in terms of y/s/MTIHM, and the
corresponding y energy (MeV/s/MT) was almost identical to the reference MOX case.
The decay heat from the 11.5wt% Pu+Np MOX fuel was somewhat greater than the
reference MOX decay heat - about 40% greater in the 10 to 1000 year time interval and
about 50% greater in the 10,000 to 100,000 year time frame; the long-term difference is
mostly due to the greater amount of Pu-238 and Pu-239 present in the fuel at that time.
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